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ABSTRACT 

We have invesiigjited the roles «f Ui and U2 s,nRNP particles in SVM) pre-mRNA spiicitig by 
oiigotmcieotide- targeted degradation of Ul or U2 snRNAs in Xettopus l^ievis ooQ'ties, Micrejinjection 
oi' oligonucleotides ctfmpiemcnujry to n^wtts of UI or U2 RNAs cither sn the pr«iei>ce or absence 
of SV40 DNA resulted in specific cleavage of the cortespisnditig snRNA . Unexpectedly, degradation 
of U I or U2 snRNA was far more extensive whcs the oligonucieotide was injected without, or pj-ior 
to, (ntrod«(1io« of viral DNA, In either co-injected or pre-injected (xxrytea, these oiigoiiucleoutics 
caused .1 dramatic reduction iti the accumulatiott of spliced SV40 mRNA expressed from the viral 
late regum, and a cotnjneasursrte utcreasc in uaspliced late RNA. When pti;-injecied, tsw different 
U2 speciftc oligonucleotides also ttihibitoJ the formation «f bi)j}i iarge and smaii tumor antigen spliced 
eariy niRNAs. Howeser, even wijen, by prc-injectson of a Ul 5' end-specific oligonucieotide, greater 
than 95% degriJdation of the Ul snRNA 5' ends occurred m oocytes, no retiuctton in eariy pre- 
tiiRNA spiictttg was (^served. En contrast, the same Ul 5' end oligonucieotide, ^htn added to Hel.,si 
splicing extracts, sutetanttaiiy inhibited the splicing Cif SV40 early prc-mRNA, ii)dic<«ing that U I 
snRNP is not totally dispensable for early splicing. These findings confirm and extend our earher 
obscrvatit>ns which suggested tiiat different prc-mRNAs vary in their requireiwnis for snSKPs, 

INTRODUCTION 

Spiking of cukaryotic tnessenger RNA precursors (pre-mRNA) is a complex process that 
involves stiiail nuclear ribonucleoprotein particles (snRNPs) (for review see tvfs. 1—3). 
These panicles each consist of several proteins associated with otie or two small nuclear 
RNAs, termed U snRNAs. I'he identification of individuai snRNPs that panicipaie in 
spiicitig ifj animal cells was accomplisbed prtncipaily by inacttvatttig their lutKtioti a&ing 
ettJ\er antibodies that recognize protein components of titc mjRNPs or oligonucleotides that 
are coinplejnet5tar>' to discrete regions within the various U snRNAs, and which result 
in degrtdation of the eoinpteinentjiry RNA by RNase H. Such approaches were used 
sutxessfully in extracts of ajltared niamnialian ceils (4,5), in yeast (6), and in inicroinjecied 
Xfmjpm ktevLt oocytes (7,8). Iti particular, stiRNFs cotitaining Ul (4,5), U2 (9,10), U5 
(1 1,12), and U4/U6 (13,14) snRNAs were .shown to l>e required tor .splicing of mRNA 
precursor!; in vitny. During the pr(»cess of pre-mRNA splicing. snRNPs were observed 
to be stably (U2, U5, and U4/U6) or unstably (UI) associated with the precursor RNA, 
forming a muiticomponent complex, termed the splicesome (see ref. 'i). The roies of Ul 
and U2 snRNPs in splicing have been most extensively investigated. The U 1 snRNP binds 
to the 5' splice site in pre-niRNA (15), a process which involves bas«-pairing b^een 
the 5' splice .site of the pre-mRNA and the 5' end of UI snR.NA, lx)th of which are highly 
conserved sequences (16). The U2 snRNP binds to tlte btianch site region (9), a process 
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which requires an additioaiai tactor, designated U2AF {17), The yeast lj2-like snRNA base- 
pairs with sequences in she branch site (18), and recent evidence suggests that Siiis is a!so 
the case in hi^r etakaryoJes <G. W» atKl J.L. Manley, and Y. Zhuang and A.M. Weirier, 
manuscripts subnwttcd). 

The majority of studies identifying the roles of individual snRNPs in spHcing have utilized 
ceii-ftiee extracts that are c^ble of splicing precursor RNAs to their spliced products. 
In order to understand further rhe roles of these particles in cells, we have utilized Xermpiis 
iaevia oocytes. The maturs oocyte is capable of correctly splicing several pre-mRNAs 
(7,19,20). It was shown {hat lariat-mtron intermedi^^ are fbnned (2 1) and, in .sotne ca.ses, 
accumulate in oocytes <22), suggesting that the amphibian oocyte shares similar splicing 
mcdianisms with those observed in tnaminals. 

It was shown previously that both SV40 late and early coding regions are expresse<i 
after microinjection of viral DNA into the nucleus of Kempus iaevis oocytes (23), The 
viral late pre-mRNA is spliced predominantly into the 19S RNA class, while splicing of 
early region RNA precursor produces both the large T and the small t aiUigen mRNAs 
(7,24). Our previous studies have ittdicated that both Ul and U2 are necessary for SV40 
late pre-niRNA .splicing in oocytes. This was first demonstrated by the observation that 
splicing of late RNA was abolished in oocytes that ha<l been injected with antibcslies which 
exclusively interact with the Ul .snRNP (7). We then showed that both Ul and U2 snRNPs 
were necessary using oligonuclet)t!de targeted degradation (8), Our earlier experiments 
using anto-RNP and anti-Sm antibodies indicated that the early and late region pre-mRNAs 
differ in tineir interaction with snRNPs (7), While injection of all anti-Sin or anti-U 1 (KNP) 
antibodies tested ^lished splicing of SV40 late pre-mRNA, some of these antisera did 
not block early pre-mRNA splicing, while others inhibited the formation of large T but 
not small t ^dgen spliced niRNAs, In the present study we have extended these cteervations 
by examining tlic roles of the U 1 and U2 snRNPs in .splicing of the early atul late SV40 
pre-mRNAs, using oligonucleotide-targeted degradation. 



MATERIALS AND METHODS 

Oligomclmtides 

Ai! oiigmoclet^des used in this studj' were cheinicaiiy syntlKsized on an Applied Biasystera 
DNA synthesizer, and purified by sephadex G-50 chromatography. lite sequences for Ula, 
I12b, ml C oligonucleotide were as previously described (6), The other oligonucleotides 
were: Uls CAGOTAAGTA, U2a AAAGGCCGAGAAGCG, and U2c 
GAGC A AGCTCTTCTTCCAAC . 
Prepanaion of Precursor RNA 

Capped preoirsor RNA cor«aining SV40 early region (nt 5171 -4002) was prepared by 
in vitro traascription with SP6 RNA polymerase as pieviously described by Noble et al f 19). 
Microinjection of X. iaens Oo0tes 

Oocyies were prepared and microinjected using methods described previously (7). For 
DN A injection, SV40 DNA form I was injected intranacle&rly in quantities of 2.5 ng per 
oocyte, Ohgraiucleotides were injected into ofxyte nuclei in nanogram quantities, as 
indicated in each experiment. Vor RNA injection, 1 ng of capped pre-niRNA was injected 

fSgBJt! I, OUgmudtvitidf.-s compkmervtaTy to regions wiihi/i U! or t'2 inRNA. Ttie pfesJicKMj structure for (.xxylc 
Ul siiRNA » from ffwt)«iet ai QS), fijf U2 j,4 fnms MaKaj and Tkikr k4S). The oiigonudfsoiidts compicmentary 
IM t^giousf of UJ Of tJ2 snRNA are indicated by .>i»lki iines. 
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Vj^rt 2. />gi<KkRwi c-fV! sn^-i i ends Wools Si'-k>Uue p-^ mS\^ >i)/;<,n? m <x.ic\H:i U\) N"-rthern ^viCi 
ot Ul MiRNA in i-ii-sQte^ i^ft panel (ii(«jp<i of (en onrvtcs Were mjale<J intr.inin-learlv sstth 20 of C 
oiigonuctetjik (Urie dl of 'i ng of UU lijjici b 4nd t> TIk mietxed (xx.jtes were mcviK^ted tor 24 ht^uis tfanes 
J aiid c) or 4 houfs (hnc b) and RNA. cxtfji.ted aajj>iftj Right pant;! groups ot 10 ootytes were 
co-iiiiccfcd «itb : S ng of SV*; DNA and utlwr 1 ng cj ffia ilane d) S ng of r ia Oane ei, or 20 ng of C 
iil)gonuc!ei<t»iic tlane f) tB> SVJO Ute RNA spiitinK i% blw.k«< in uootes mjeciisd with Ula <.jrmifk-> of (en 
oooK"- ^vertr w(th 2 *> ng of SV40 f'N'V {Ijjk b-ci )« Bk prownce of !i<j ohgoroicteolnte (ianc b), 20 

ngij<Cotigonucico(tde(iaiwc), t nguHUatkned) or 5 ijf I'la ilatie ei A,fter24hrv SNA vvas eursctaj 
4xiil MJtij<a,-te<j 10 iane a reprcwiiis lytopidArrui. ftjNA trom t"^ 1 criK 48 hf>ur^ atlcr SV-Mt (!({f«:«on that had 
.il-uJ been >,uh|cctei3 tn SI nm.ic,»it' <»naijS5s. (C) The diagiam ti\hciif;<. ttffi s!;e'> iil DNA {fdgiiitrijLs 
by SI anaJysis trom unsjuiioed ami s^ihcod late RNAs. 



into Ehe nadeuij of an oocyxi General}) . Otx;ytes wen. injecU'<i m gtoups of ten. foU'we*.! 
by iJKubation tn modified Bd[1h\ !>v>Jutit:in ^25) J9"C for 16-24 hours, tmiess othtw!>>e 
specified m the text. 
/fM4 Analysis 

RNA from rmcrotniected (xx'yteb wiii> exir.icted ffoin ixt>Icd o<jc>tes according to the 
prooedt)re<! described by Fnidin et ah ) N!>rtheni atwiy si^, was. jx:! Ru (ne<l using metiiods 
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Figure 3. Degradation of U2 snKNA blocks SV40 kue pre-mRNA splicittg in oocyic.t injea/td mih WJi-spedjk 
oligonucitf^s. (A) Northern analyses of U2 snRNA in eecytes. Top paiiel- ixvytcs in grtjup oJ itsi were injetled 
witii 20 rtg C oligoiiuciiewiiie <lsne a), U2b (lane b), U2e (lane c), or U2a (lanes d and e). The injected oocytes 
were {{jen incubated for 24 hours (lane* a-c, e), or 4 hours (iane <J) before exfraction. Bottom panei- iit-jcytes 
were injectet! wid> 2.5 ng of SV40 DNA iiiong with 2(J ng of U2a Oane a), U2c Oane t.>, C oligoraKieoti*; 
{lane d), or U2b (iane e), or widi 40 ng of U2a (ians; b). RNA exiracted Irtoon oocytes was mtalyswi by N(inherti 
blotting (B) Degmdmion of U2 snRNA inhibits spiieing of SV40 late RNA in oocytes. Gnoups of ten iifjcytes 
were injected wi* 2..*; of SV*) DNA aiong with 20 ng of U2c <lanc a), U2a (lane b), or I12b (lane c). S5 
nuclease anaiysis was perionjiwi on RNA samples from or»e oocyte equivalent 

described previously f8), In aJI {;ases, quantities; of cxfracted RNA equivalent to one oocyte 
were used. For SI nuclease inapping of spiiced SV40 late RNAs, a labelled DNA ptt^ 
was prepared hybtidi?.ed to extracted RNA equivalent to one oocyte according to 
conditions described by Michaeii and Prives (26), The products from SI mapping were 
analyzed on 1 .2% detiaturing glyoxal-^arose gels. For anaiysis of spliced viral early RNA, 
SI mapping was performed following procedures described by Pradtn ct ai (7) using RNA 
from one oocyle equivalent for hybridizadon. Afier purifictUioii, ihe St -resistant fragments 
were subjecled to 5% polyacrylamide-iirea elect rt)phoresis (27). 
In Vitro Splicing 

In vitro splicing using He!.^ cell extracts was carried out essentially as described by Noble 
et ai (21). Treatment of HeLa splicitig extracts with oligonucleolides atjd RNase H was 
performed using conditioas established by Black: et al (9). 
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S1gur« 4. Via does not bhck SV40 eariy spiicing oocytfs. (A) Si nuc!«ise auiaiviis of eariy RNvU. Left panel.- 
2.5 ng of SV40 TJNA was injected into oocyte.^, in groups tM!, aJixng with iUO (ianc b.i, 20 ng of C 
<->!igfjni5L!etKnte (Sane c), or S ng of Uia (iane <iy Une a, RNA from intccted CV-! cilfs.. Lane e contains iabeleti 
piiR322 DNA fragments. Rjgtit pajiei: 4 hours after injection with H^O (lane g), 5 ng Vii (tatse hS, or 20 i^g 
C. oiigonucioaticte fJane i), wxytcs !<xcA\esi a iRjisTtion of ?;V4f> early pretxirfw mR.N.-\ ten wa<. synthcsizKi 

in viirv. RNA extracted ftvm tiKSH injected oooyKfs, in amfxints ctinivslein to (jne owyts., wa.5 wihjtxled to !ii 
anaiy.'.is, using a 3' end iafaciod .single >strstndod DNA pnix. <B) Tint diagtum indicates the S! nuclease resistant 
I>N.A fragmcn!.<i airrcspondiing lo spiicol arid ur&piiced early RNAs. 
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RESULTS 

Partial Degradation of Ul or U2 snRNA Inhibits SV40 Late pre-mRNA Splicing 
The five otigonuiceotides coniplenietitary to either Ul or U2 snRNA are diagrammed in 
Figure {. OSigonucle^Aides Ula (20 mer), Uts {10 mer) ami ma (20 niet) ate 
complementarv' to the 5' etjds. of l!l or U2 stiRNAs. while \J2b (IS mer) atid U2c (38 
tner) are complementar>- to the loop and stem regioti of U2 siiRNA, rcsj>ective{> , 
OiigonsicJeotides l.ila, VH, TJ2a, and U2b were chosen }>ecaus.e they were reported to 
block splicing in ceil-free extracts (5,9,10), Oligonucleotide U2c was. tested iiritially because 
it is conipietneijtary to a region of U2 snRNA that has homoiog)' to the 3' &pHce site of 
SV40 early niRNA (7). Oligonucleotides C and TK are control oligonucleotides containing 
15 (5'-TCCGGTACCACGACG-3') and 30 {c<!mple!Tient;iry to nt 264 - 293 from die HSV 
TK gene) nucleotides, respectively, neither of which have homology to any known snRNA 
se^jucncc. 

To studj' the roles of UJ and U2 snRNPs in splicing in otKytes, these oligonucleotides 
were injected into oocyte nuclei, Tlie Ula oligonucletiiide was introduced in quantities 
from 80 to 4^X)-fo!d molar excesses over the estintated concentration of Ul snRNA in 
cxxrytes (28) in the presence or ab,sence of SV40 DNA (Figure 2a). RNA was. extracted 
fr<jm oix-ytes 4 or 24 hours after injection of oligonucleotides and subjected to Northern 
blot atiaJysis using plasntids containing either humati Ui or IH DNA as probes (29,30). 
F<mT hours after injection of 5 ng of She U la oligonucleotide in the absence of SV40 DNA, 
over 95% of the V 1 snRNA was cleaved into smaller products, including a major species 
(Ui*) lacking appn)xiniate!y 7 nt, and a minor species (Ul**) resulting from cleavage 
of about 1 1 nt (Fig,2A, lelt panel). These products could stiil be detected, albeit in sntalkr 
quantities, 24 hours after injection of Ufa into oocytes. This is most hkely related to the 
stability of the Ui snRNP particle, since the 5' truncated Ul snRNA can still be recovetied 
from anti-Snt immunoprecipitates after tiiis time period (8,9). By contrast, co-injection 
of Ul into oocytes along with SV40 DNA resulted in relatively less degradation of Ui 
snR>iA. 1 ng and 5 ng induced cleavage of approximately 40% and 70% of Ul 5' ends, 
respetiiveiy (Fig.2A, right panel). Although not well understood, speculations on the.se 
differences can be made (see Discussion). 

To test the effects of tlte Ula oligonucieotide on SV40 late pre-mJiNA splicing, SV40 
DNA was injected alone, or along with either the control C oligonucleotide, or witti the 
UlaoHgonucieoddfi (Figure 2B). RNA wa.s extracted from (X>cytes 24 hours after injection 
and subjected to SI nuclease mapping previously described (26) using 5' end-labeled 
SV40 DNA cut widj Bam HI as a probe. This allowed us to map .1' splice site utilisation. 
As previously published (7,24), oocytes splice SV40 late pre-mRNA efficiently, but the 
utilization of the avaiiabie splice sites is markedly different from those obser/ed in infected 
in<jnkey cells. Thus while the major late RNA in infected cells is the 16S class, the major 
oocyte spliced SV40 late RNA is the 19S class. Injection of the C oligonucleotide had 
no effect on the appearance of spliced 19S RNA in oocytes, whereas injection of 5 ng 
of Ula drastically reduced accumulation of spliced 19S RNA, and increased the quantities 
ofunspliced viral late RNA (Fig. IB). Furthennore, as little as 1 ng of Ula jnliibited 
SV40 late RNA splicing to the same extent as 5 ng of this oligonucleotide. As Ing destaiyed 
on\y 40% of die Ul snRNA 5' ends, it is likely that formation of the SV40 late l^S splice 
in Xenopus laevi,s oocytes depends upt^n the presence of the majority of the endogenous 
Ui stjRNPs. 

I'he effects of oligoriudecsiKles complementary to the 5' etxl or interna! regtotjs of 1'2 
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figure S, Imaci (J2 snft'iA a /tw spiking of SiW ^arlypn -mRV/tv in ixx vttw. i A> Oocytes were i«)ect«i 

with 2.5 irf SV4(> DNA lAtsa^ with 20 ng of U2c ilatie or U2a (iane c). Aiiei 34 h«. RNA ^^£ts emtm-ted 
and anajyeed by Si mteJcasc j>n-)tetiii>n as in Figure 4-. (B) }>i wro synthesi5K<J SV40 1 eiariy ptwut^ot RNA 
was intectexl into uootes aiwp \wtb \i,0 (lanes c and tt) "r iftig of L'23 oIi»oriiu-l«Ui<5e (iane ej. RNA wa-^ 
I'xti-iiciM from <KX;ytes imuiediiateiy (fano ci or i6h <!ane5 <i are! ei jfler jiycttjiin and aii^}ze<3 as in A. (C) 
Splicing oj"SV40eariy pTc-niRNA in oocytes mjectwi with V2h. flroups of itn oocytes were injected with 2.5 
ng of SV40 DNA in the pre.vettce of 20 ng of C oiigonucleotide tiane i>>, or U2l-i (lajiu c) RNA ejitj^ied 2A 
iKxira after mjectjofl was aiialyusd as m A. 

stiRNA wers; ijimilarly Jested (Figun: 3). In contrast to what was ubser%ed with the U ! 
oUgonucieotide, 5 - 10 fold greater quantities (2000 !<! 4000-fold ntatar excesses ovtr (ha 
estimattxi <juantiiy of U2 sriRNA; I. Mattaj, personal commutiication) t^fihe l.'2 -specific 
ohgonucleotiUes than of the XJ I -.specific oligonucleotide wea' required in order to bnng 
ab<5«t U2 snRNA degra<iatinn. The reasons for ihi.s are not cSear, as approximateiy simiiai 
quantities oi' VI or U2 stiKNl^ are pix;scnt m oocvtes. U2 snRNA wais anftlyzeU b>' Northern 
blottitig 4 or 24 hours after injection into txscytes (Figure 3 A). As lx;fore, the C 
oligonucleotide did not affect the integrity of U2 snRNA. Injection of lJ2b resuitcti in 
the disKippearancc of any deteciable U2 snRNA, while injection of U2a resiiJted in a 1)2 
srRNA species in which over 90% was truncated. However, this shorter U2 snRNA 
disappeared withtn 24 hours incubation (ccjsnpare lanes d and e, top panel), suggestsng 
that degradation of the 5' ends of U2 snRNA eventnaliy <ie.stabt Sized Ihe esrtire tnoIecuSe. 
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This is iii a>tHiast to Ul snRNA, in which we observed ihai the 5' end-cieaveti siiRNA 
was stable for at least for 24 hours (Fig. 2A, left panel, lane c). U2c had no effect on 
the emJogenoiis U2 snRNA, jTK>st likely because ihe homologous region of U2 snRNA 
was not available to form a hybrid with the ohgonucieotide. As h<id heen observed wish 
l)i degradation, co-injectjon of U2 oligonucleotides with SV40 DNA led to reduced 
degradation of U2 snRNA (Fig. 3A, bottom panel), in order to cleave 70% of U2 snRNA 
5' entls, ^ ng U2a oligonucieoJide wa-s required. This is based on the csbserveci overall 
reduction in the quantity of detectable U2 RNA, and is consistent with our observation 
that the stability of 112 snRNA appeared to be more susceptible to 5' end degradation than 
that of Ui snRNA in oocyte*. However, with or without co-injected SV40 DNA, the U2b 
oligonucleotide caased the disappearance of any detectable U2 snRNA witliin 24 hours. 
S I niKlease analysis using the san)e method as described above of SV40 late mRN A in 
these oocytes showed that U2c had no effect on splicing of die viral late pre-mRNA, 
co«.si.stent wiih its inabiiity lo induce U2 snRNA degradation. Boih U2a and U2b alx»lished 
the appearance of spliced 19S RNA. Thus, degradation of the majority of the oocyte 
endogenous U2 snRNA abolished spiicing of SV40 late mRN A in oocytes. 
Cieavage of the 5' End of VI snRNA Does Not inhibit Splicing ofSV40 Early pre -mRN A 
in Oocytes 

It was c^Jserved previously thsU: SV40 early region transcripts are synthesized and spiicecl 
in oocytes to give rise to both large 1' and sntali t mRNAs (5). It was ;ilso shown that, 
while injection of either anti-Sm or anti-RNP antibodies inhibited late pre-mRNA splicing, 
early RNA splicing was less affected. Tlie formation of small t mJRNA was not blocked 
by any antibodies tested in oocytes. These results suggested that early and late viral mRNAs 
exhibit different ititeractions with snRNPs, in particular the Ul snRNP. However, ihe.se 
antibody experiments did nc* provide the sensitivity and specificity obtainable with 
oiigonticleotide targeting. Tlierefore, t(j extend these previous experiments, we analyze<l 
SV40 early splicing following treatment wish the oligonucleotides described above. Si 
an^dysis as previously described, using single-siranded end-labeled DNA probe, allowed 
us to imalyze the effecte of partial degradation of TJ 1 snRNA on SV40 mRNA splicing 
(Figure 4). As can be seen iii lane b of Fig. 4A, the ratio of t to T niRNA was altered 
in oocytes when coinpared to (hat tn infected monkey cells, confirmmg previous observations 
(7), Surprisingly, injection of the C oligonucleotide resulted in the synthesis of relatively 
more Lirge T tlian .small l spliced mRNA. This effect was also observed with the TK 
oligonucleotide (data not shown), indicating that injection of unrelated oligonucleotides 
can affect the spiicing of SV40 early pre~mRNA. We (8) and others (31) have observed 
that oligonucleotides are unstable in oocytes such that within 2 hours after their injection 
they are degraded virtually completely to nucleotides. The effect on the ratios of spliced 
mRNAs therefore most likely did not depend upon the presence of intact oligonucleotides. 
Co-injecfion of tiie Uta oligonucleotide along with SV40 DNA, in concentrations that 
abolished late pre-niRNA spiicing within the same batch of (MX:ytes, failed to inhibit eifher 
large T or small t splicing. Because we had observed that injection of oligonucleotides 
in tfje ahsatce of SV40 DNA induced much more exteasive cleavage of U 1 and U2 snRNAs, 
Ula was preinjeOKKl into oocyte nuclei 4 hours before a second injection widi SV4() DNA, 
However, even when by pre-injection of the Ula oligonucleotide greater than 95% of the 
endogenous lit snRNA was cleaved (e.g. as in Fig 2A), (here was still no significant eflect 
on splicing of SV40 early pre-mJRNA in oocytes {data ntrt shovwi)- 
It was previously shown that microinjection of capped SV40 ettrly precun;or RNA 
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Figure 6. !^d/ig of SV-tOtarly iuhstraits in o!tgtmit<koiidf-rreiM<i Hi'Im extnim HeLi nitdeiir e«rai;t was 
preinoibated wifh Sic tndic3J«i oligoraicieotide and RNiw H, and then ttiaibajcd wiSi \i(Id-ty}5e SV40 

esriy tnaiscript (pSPHtJA) or 3' splice sile dnplscaijon muUiflt transcript (pSR^Di. tAtrarted RNAs were ihen 
anaiyiW^ on etenawnng I A% agaoiw geJs. The major splicing firoducts are diapissmixd at the left ui eath gel 
Sizts in nl jjidicstwl at the right; Pre; umncubatsd (jreeursor Splicing products hom tJw dup!joati<in mutarjl are 
indicaisd by an asteriiifc tsee text). 

synthesized in vitro l«tiis to formation ol" both spliced T and t tnRNA in (Oocytes, (20). 
We were therefore able to (ietemiine whether the Ula oiigonucleotide affected splicing 
of the viral cariy RNA precnrsr>r in the ahsent>e <?f ongoing transcription, by injecting 
the in vitro transcript into txx^ytes that had iieen previt>i!sly injected either with wafer, 
Ula or C oligosiucleotide (Fig 4A, right panel). Untier a!l conditit>n.s, bclh T and t niRN.'^ 
were produced with almost txjual efficiency. Note that in this case Elic relative abuntiance 
of large T to small t spliced RNA wa.s not affected by the presence of oligonucleotides. 
Hierefofe. the effect of the injected oligonucleotides on 'IVt rrftN A ratio is sofnehow related 
to tr^scription ol" viral early RNA in cxxytes. Although the basis for this plienomejion 
is not utiderstood, our results coiifinn that U 1 snRNA interacts differently with SV40 early 
atid late pre-mRNAt in txtcytes. 

U2~Complementary Oligonucleotides Have Varied Miihieory Effects on Splidng of SV40 
Early pre-tnRNA in Oocytes 

Degr^tion of oocyte IJ2 snRN A with the oligonucleotides de«.Tibed abtive allowed us 
to examine the role of the If2 snRNP in splicing t>f SV40 early prc-niRNA. S! analysis, 
u&tng the early region specific probe as described in titc previous section, was pcrfcjrmc<J 
on RNA samples frMti oocytes coinjected with U2 oligonucleoiides tjiid SV40 DNA. As 
expected from the data shown above, itjjcction of tihe U2c oiigomicle*->tide did not inhibit 
SV4() early pre-mRNA splicing, although il also induced the formation of relatively more 
large T than stnail t mRNA, as we had observed with the C and TK control oligonucleotide.s 
described above (Figure 5A). Co-injection of U2a along with SV40 DNA caused a sligh! 
reduciion in the quantity of .spliced T mRNA, but not i mR.NA. However, when either 
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SV40 DNA (data not shown) or capped precursor mRNA (Figure 5B) were injected into 
otKytes that had been previously targeted with the U2a oligoimcieotide, splicing of SV40 
early pre-mRNA So Ixxh T or t niRNA was inhibited. This finding indicates that U2 snRNA 
is required for the splicing of SV40 eariy pre-mRNA in oocyres. Confirmation of this 
result was obtaiiie<i from exprimetits in which preinjection of the U2b oligonucJeotide, 
which resiiiied in complete disap{)earance of oocyte U2 snRNA, prior to injection of SV4(> 
DNA, blocked splicing of SV40 early pre-mRNA to both Uiige T and sniaii t mRNAs 
{datJi not sliown). 

As we had shown that in oocytes co-injected with Xj2b and SV40 DNA, the endogenous 
U2 snRNA was completely degraded within 24 hours, we expected that both spiiced T 
and t mRNA would aJso be absent in these oocytes. Surprisingly, however, we observed 
that while formation of spJiced T nfiRNA that accumulated was inhibited, tiie quantity of 
spliced t mRNA was unaffected (Fig. 5C). We have observed that oligonucleotides are 
virtnaliy completely degraded within the first two hours after injection (8), suggesting that 
they must target the snRNAs within that time, ft is. possible dist, as SV40 transcripts are 
producwl within ihat lime fratne (32), the presumably small quantiJies of intact U2 snRNPs 
'prelected' by the presence of SV40 ti^scripts might foe sufficient to mediate splicing 
of SV^ early prc-njRNA to t but ncn T mRNA. Consistent with this is our previously 
published observation that injection of anti.sera from some, but not ail, systemic lupus 
erythematasis patients into oocytes inhibited die formation of spliced T but n<rt t niRNA 
{7>. Thus, our data suggest that splicing of the viraJ eariy prc-tnRNA to t mRNA requtre.s 
lesser quantities of U2 .snRNPs than does its splicing to T mRN.A. 
SV40 Eariy pre-mRNA Spiking Exhibits Different Kequiretnetus for tfie UI sfiJiNP in Oocytes 
and in HeLa Splicing Extracts 

Our results have confirmed and extended earlier experimenLs in which anti-Sm and anti- 
RNP anttbcxites, injected into oocytes, resulted in blocking SV40 late RNA splicing but 
either did no! affect any early RNA splicing or only inhibite<i large T mRNA splicing. 
Both the previous and present results suggest that the atxi early transcripts have markedly 
different qtiantitative requiretnents for UI and U2 snRNPs, In fact, the current experiments 
itnply that the U 1 RNA 5' end may not be required for splicing of SV40 RNA in oocytes. 
Consistent with this possibility. Black and Steitz { 13) showed tJiat an oligomer containing 
12 nucleotides hotnologous to the 5' end of UI did not block splicing of the SV40 large 
T antigen mRNA in Hel>a cell-free splicing extracts. However, as the oligonucleotide used 
in our experiments was 8 nucleotides larger than the one used by Black et al. , we asked 
whetiicr our 20-mer tnight affect the .splicing of SV40 pre-mRNA in vitro. We previously 
rep<!rlcd that wild-type SV40 eariy prectirsor RNA is spliced almost escclasively to form 
large T mRNA in vitro (27), In contrast, if RNA transcribed from a mutant construct 
containing a duplication of d« 3' splice site common to botli large and simall tumor antigen 
mRNAs (33) is used as substrate in HeLa splicing reactions, then ^ong the RNA products 
are those that have undergone cleavage and splicing of the small t 5' .splice site and the 
duplicated 3' splice site (unpublt.shed results; see below). Wild-type or the 3' splice site 
duplication mutant precursor RNAs were added to HeLa nuclear extracts that had been 
pretreated with either Ula, U2a, Uls (complettjentary to the 5' 10 nucleotides of UI 
snRNA) or the control TK oligonucleotides and the RNA products were resolved by 
poiyacrylamide gel electn^jhOTSsis. BoA Ula and U2a tteated extracts were virtually unable 
to splice eitha- wiki-type or duplicated pre-mRNAs. The results shown in Figure 6 indicate 
that U I snRNA had been degraded. However, treatment with the Uls oligonucleotide had 
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little or no effect on targe T splicing m'mg, the mutant precursor RNA ;md bltxrked the 
accuimiiation of small t related splicing jntermediates by approximately 50%. In al3 cases, 
analysis of the endogenous snRN As revealed that greater than of the appropriate li 
snRNA bad been degraded (data not shown). ITius, in contrast to the result tibtained in 
oocytes, the Ula oJigotiucJeottde was able £o block splicing of SV40 early pre-mRNA 
in vitro. That tlie Ul.s oligonucleotide in <iui experinietits <3r the Ul 12-nief used by Bkck 
et al. failed to block eariy splicing suggests that a inore extensive region of the 5' end 
of Ui snRNA may be required for early pie-inRNA splicing. Our results therefore show 
th^ conditions can be established demonstrating a role for the Ul snRNA 5' end in SV40 
RNA splicing. Hiey suggest, iKtwever, that there are different reqitirenienls for Ui snRNA 
for etiriy mRNA splicing in oocytes and in cell free extracts. 

DiSCUSSION 

Injection of oligonucleotides into oocytes has proven useful tot targeted degradation of 
tnRNA (see ref. 34 for review) and of snRNAs (8). By using ohgonucleotide-induced 
degradation of sequences within III and U2 snRNAs, we have been able to examine the 
fate of the snRNAs targeted and the ensuing effect upon the splicing of both early and 
laXe SV40 pre-mRNA transcripts in Xenopus laevis oocytes. Several points can be made 
from our experiments, H) While both 5' ends of Ul and U2 snRNA are susceptible to 
cleavage after injection of the appropriate oligonucleotide into oocvtes, significantly more 
snRNA cleavage occnrretl wlici! oligonitcleoticte* were injected alone as opposed to when 
they were co-injected with SV40 DNA. (2) After 5' end degradation, Ul snRNA remained 
stable for at least 24 hours, while U2 snRNA was rendered undetectable wiiiiin that time. 
(3) Even when less than 40% of Ul or 70% of U2 snRNA 5' ends were degraded, late 
SV40 RNA splicing was almost completely blocked. (4) Early RNA splicing it! <xicytes 
exhibit©! dramatically reduced requirements for both U5 and U2 snRNAs. (5) The effects 
of the VI 5' end oligonucleotide on early pre-mRNA splicing differed in Xmopits ktevix 
oocytes and HeLa cell -free splicing extracts. 

Our experiments showed that when SV40 DNA was co-injected with the oligonucleotides, 
considerably less U 1 or U2 snRNA was degraded. The reasons for this are not entirely 
clear. The most likely explanation, however, is that .snRNA.s n^ay be protected if assembled 
into splicesomes that form as a result of the transcription of 'spliceabie' RNA. We have 
shown that the oligonucleotides are approximately 50% degraded within 30 minutes and 
are almost completely converted to nucleotides within 2 hours (8). Therefore their effects 
upon snRNA must be: complete within that time frame. It has also been established that 
after injection of SV40 DN A, there is a lag of approximately 1 -2 hours before detectable 
levels of early and late transcripts are observed, presumably due to organization of DNA 
into 'active' minichromosomes (35,36), It is therefore possible tltat a small quantity of 
snRNPs become inaccessible to oUg<jnncle4>tides by being assembled into spiicesome>s 
a.s,soci3ted with the earliest tninscripts. There is very little RNA ptilytnerase fl transcription 
of ciKiogen<jus genes in (xicytes <37). Therefore the introduction of the SV40 tensplate 
may contribute significandy to the quantity of splicing substrates an<l thus of a source of 
protectitHi of snRNAs from oligonucleotides, T}ia,se sjjRNPs fiiat have thus escaped the 
oligonucleotide-arrest would presumably l>e capable of tnediating at least some of the 
ongoing splicing occurring as tninscripts continue to be produced. This notion is suf5x>rted 
by our observation that intron-less pBR322 DNA, which is actively transcribed in oocytes 
(32) failed to pT<«ect Ul and U2 snRNA from injected oligonucleotides {unpublished results). 
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Otjr experiments also revealed differences in ihn relative stability of U 1 ami 112 snRNAs. 
after iniection of oiigonucieotides. Ui snR>JA th^it had been ckaved at its 5' end by the 
Uia oligonucleotide rertiaiited stable for at S«isf 24 hours, while U2 snRNA, affer 5' end 
degradation by I12a, disappeared within that tinie. Furthermore, the U2 loop-specific 
oiigonucleotide, U2b, incJuced coniplete degradation of V2 s.t)RNA, consistent with 
previously published experiment (9) using the same oHgonudeotide in HeLa splicing 
extracts. It is. likely, in fact, tJiat the U2b oligonucleotkJe was even mott; effective in irKiiicing 
rapid degradation of l!2 snRNA than was the U2a oligot)iitie(»tide. This is suggested by 
the fact that even when co-injected with SV4(} DNA, in contrast to the U2a oligonucleotide, 
U2b led to complete disappearance of 112 snRNA. f-'urlhenTJore, ccj- injection of the U2a 
oligonucleotide and SV40 DNA requited in only a partiaJ reduction in the umoum of spliced 
large T iuRNA, while coinjecuon of U2h completely blocked large T mRNA splicing. 
Our results therefore suggest significant dilTerenees in the stability of the U 1 and lj2 snRNPs 
after oligoniicleotide-targeted degradation, ft should be mentioned that several 
oligonucleotides complementary to suspected single-stranded regions of Ul stiRNA were 
injected singly or in groups and all failed to block early viral RNA splicing (unpublished 
data). Therefore it is likely that the accessibility of RNA in the Ul panicle is different 
from that in the U2 particle and dus niay be rciaied i<> the relatively greater stability of 
the fornaer. 

We have rather unexpectedly observed that even when as much as 60% of tlic Ul snRNA 
remained intact, dierc was nonetheless a complete block of late splicing in cxxyies. it was 
initially reported by Kxainer et al f5) that cleavage of 50% of tiie U I snRNA abolished 
.splicing of an adenovirus late pre R.N A in vitro. However, Krainer and Maniatis ( 10) later 
showed tliat complete inhibitiott of splicing of a htmian ;S-globin pre RNA in vitro requires 
over 90% degrad^ion of Ul snRNA. Our c^)servation that cleavage of 40% of U i snRNA, 
or 70% of U2 .snRNA, led to almost complete inhibition of splicing of SV40 late pre- 
niiiN A in txwytes seems to be consistent with the fomier study , but are also consistent 
with the idea that different pre RNAs display different requirements for snRNPs. It is 
well established that SV40 viral i;rte RNA is synthesized in Uu-ge quantities in otxytes 
(7,23,26). Facttirs required for splicing these RNA precursors such as the Ul and U2 
snRNPs, however, may be inniting. One of our preiitninary experiments in which we 
showed that splicing efficiency can be increased by lowering the quantities of injected pre- 
mRNAs supports this nt^ion {unpublished rcsulLi). Hius, Jiiost, if not all, of the Ul and 
U2 snSNPs ntay be ret^uired for splicing of the vinil late pre-mRNA. Forbes et al have 
identified at least 7 species of Ul sni^NA in mature oocytes (38). It is not clear whether 
they play ddferent roies. An unlikely, but possible, explanation of our result is that certain 
species of U 1 snRNA involved in splicing are preferentially cleaved by the oligonucleotide- 
targ6ted-<k;gradation. Furthermore, }"afcan et al have conducted electron microscopic studies 
suggesting that only a small proportion of snRNPs are UKated al Che actual site of RNA 
processing (39). It is not clear at present whelher the ti^tnaining majority of snRNPs are 
functionafin splicing, Thm, it is possible tliat not all Ul or U2 snRNPs are capable of 
mc<hating splicing. Since the txjcyte U \ snRNA cati be cleaved by oligonucleotlde-targeted 
degradation in a a>nceotrat ion-dependent fashion (this stxidy), we are currently examining 
the function of the reniaining intact U i snRNPs by introducing in vitro syntJiesized pre- 
niRNA into these Uta-pretargenid oocytes. 

We ime shown hers that splicing of SV40 early pre-mRNA is !n.sensitive to degradation 
of over 90% of Ul snRNA in oocytes, CoR,S)Stent with the in vitro ob,sert'auon reported 
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by BJack and Steirz. (9), the inajor cleaved l.M snRNA species after injectioii of Uta 
digonucietitide {20 mer) is j^roxtmateSy 7 micleotides shoncr than the intact Ul snRNA. 
It was suggested that this truncate<i U! s.nRNA may base-pair with AOGUA sequence 
sfKinning the T 5' spHce site (9). However, this argument perhaps can not iiiUy account 
for this unasuai insensittvity. It ha,s been shown that the utiUzation of the 3' splice site 
of SV40 iate RNA at tj! 558. (see ref. AO) is abolished after treattnent with the identicai 
anti-Ul oHgonucleotide (6, this study), even though the sequence spanning the 5' splice 
site is AGGUU. 

There are at least two unusual characteristics in sequences of SV40 earJy pre-ntRNA 
thai interact widi Ul a!id U2 snRNPs. The 5' splice site of t almost perfectiy ctHnplements 
the 5' end of U ! snRNA (41 ), and muhiple branch sites are used for splicing of T mRNA 
(21). Either or both of these features may play a roie(s) iti more efficiciitjy recruiting Ut 
and V2 snRNPs, thereby quantitatively lowering ihe requirement lor these snRNP particles. 
We are cnrrentiy testing the tfkcia of the U la oligonucleotide on spiici!>g of tnutants eiiher 
lacking the 5' splice site of t or those eliminating all but one branch site. 

Our observation that destruction of the great majority of die Ui stiRNA 5' ends did 
not alfect early RNA .sphcing in oocytes suggests the possibility that U 1 snRNP, or at 
least the RNA 5' end, may have no role in the splicing of some pre-niRNAs. However, 
tiie ability of the U la oiigonucleolide to block splicing of the eisrly pre-RNA in vitro clearly 
shows that a requirement for the Ul snRNP for splicing of this precursot can be 
ttenjoftstiated in at least one case. Why tlien, were different results obtainai with the oocytes 
and the cell-f ree extracts? Xenoptis laevis oocytes and human HeLa cells are of course 
VCJ7 different types of cells. Thus, although commonalities exist l>etween splicing processes 
in virtujjily all eiikaryotic cells, clear differences in types of U saRNPs, particularly in 
111 snRNAs, in anifrfttbian oocytes have been observed (34,35), It iherefore reniains possible 
that ojie of the different types of U 1 snRNA detected in Kempus o<icytes, which do not 
exist in HeLa cells, may have either a uniquely high affinity tor the .SV40 early region 
in oocytes, a unique resistance to ttic U ia oligonucleotide, or both. An idtennitive possibility 
is that early pre-mRN A is capable of undergoing splicing in a U I -independent fashion 
in oocytes, but not it) HeLa ceils. This could be the result of hypothetical factors present 
within oocytes that obviate the UI snRNA role in some cases. As the splicing of some 
group il mitochondrial introns, a process involving 5' .splice .site cleavage and larijit 
formation, does not require any snRNP particles (42.43), and as the Ul soRNP appears 
to be missing in trypanosomes where traas-splicing of SL RNA actively occurs (44), 
precedents exist for organelle or organism-specillc variations in snRNP requirements, A 
final possibility is that the degradation of Ul snRNA achieved by tlie Ula ol!gonncleoti<le 
in HeLa extracts resulted in sufficient destruction of U i snRNPs so that the concentration 
of functional particles fell below a "ihreshold' that was not reached in oocytes. Although 
tlie fractitHi of Ul RNA degraded in vitro was not higher than that detected in the <xx;>tes 
(unpublished data), it may be that a smaller fraction of the Hel^ siiRNPs was functiorial 
to start with. While this model does not require there be qualitative differences in splicing 
requirements in HeLa cells and X. laevL-! oocytes, it does .liuppon die view that splicing 
of dilferent pre RNAs can display different quantalive requirements for snRNPs. Whatever 
the reason for the differences we have observed in these experiments, our studies show- 
that iio! cmly do difierent splice sites vary in their interacticm with the same set of snRNPs 
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m a given cell, but iliat the same splice b.ke, under different conditions, cun exhibit 
UifferentiaS tequiremcnt<! fnr the same stsRNP. Exjjeciments are in progres.s. to ftinher 
unden.tant3 tije bijsis. for these differences. 
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